Transthyretin (TTR) amyloidosis is a fatal disease for which new therapeutic approaches are urgently needed. We have designed two palindromic ligands, 2,2'-(4,4'-(heptane-1,7-diylbis(oxy))bis (3,5-dichloro-4,1-phenylene)) bis(azanediyl)dibenzoic acid (mds84) and 2,2'-(4,4'-(undecane-1,11-diylbis(oxy))bis(3,5-dichloro-4,1-phenylene)) bis(azanediyl)dibenzoic acid (4ajm15), that are rapidly bound by native wild-type TTR in whole serum and even more avidly by amyloidogenic TTR variants. One to one stoichiometry, demonstrable in solution and by MS, was confirmed by X-ray crystallographic analysis showing simultaneous occupation of both T4 binding sites in each tetrameric TTR molecule by the pair of ligand head groups. Ligand binding by native TTR was irreversible under physiological conditions, and it stabilized the tetrameric assembly and inhibited amyloidogenic aggregation more potently than other known ligands. These superstabilizers are orally bioavailable and exhibit low inhibitory activity against cyclooxygenase (COX). They offer a promising platform for development of drugs to treat and prevent TTR amyloidosis.
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crystallography | mass spectrometry | protein structure | stabilization T ransthyretin (TTR), the normal wild-type (WT) plasma protein that transports thyroxine (T4) and retinol binding protein (RBP), is inherently amyloidogenic, forming microscopic, clinically silent amyloid deposits in the heart and blood vessel walls of most aged individuals (1) . Massive cardiac deposition of WT TTR amyloid is a rare cause of intractable heart failure (senile cardiac amyloidosis) (2) , and it occurs more commonly with Val122Ile variant TTR that is present in 4% of African Americans (3) . More than 80 other single-residue TTR variants cause autosomal dominant, variably penetrant hereditary amyloidosis, affecting about 10,000 people worldwide (4) . Disease presents in adult life with various combinations of peripheral and autonomic neuropathy, cardiomyopathy, renal failure, and blindness, and it is fatal within 5-15 y. Liver transplantation, replacing the circulating amyloidogenic variant with WT TTR (5, 6) , can arrest progression in younger patients with the common Val30Met variant but is of little benefit in older patients or those with other mutations.
Amyloid fibrillogenesis involves misfolding of native proteins to form partly unfolded intermediates that then aggregate into stable fibrils with the pathognomonic amyloid cross-β core structure (7) (8) (9) . J. W. Kelly and the company FoldRx, Inc., which he founded, have pioneered use of small-molecule ligands to stabilize the native homotetrameric TTR assembly (10) , and their compound, Fx-1006A (tafamidis), is currently in clinical trials (11) (Fig. 1, Compound II) . Hitherto, only treatments that substantially reduce abundance of the fibril precursor protein arrest deposition and promote regression of any type of amyloid (6, 12, 13) , and we sought to apply this to TTR. The efficacy of specific palindromic, bivalent small-molecule ligands in cross-linking and thereby, depleting circulating serum amyloid P component and C-reactive protein, respectively (14, 15) , suggested that TTR might be amenable to the same approach. We selected 2-(3,5-dichlorophenyl amino)benzoic acid (16) (Fig. 1, Compound Ia) as the head group, because it is selectively bound by TTR in whole serum. The TTR bound ligand was reported to have the carboxyl bearing aryl ring buried in the binding pocket and the chlorine bearing ring oriented to the exterior of the protein (17) . We, therefore, joined two head groups through their putative external rings so that the palindromic bivalent compound could cross-link two TTR molecules. The initial construct, 2,2'-(4,4'-(undecane-1,11-diylbis(oxy))bis(3,5-dichloro-4,1-phenylene)) bis (azanediyl)dibenzoic acid (4ajm15) (18) (Fig. 1, Table S1 ), did not cross-link TTR molecules but, unexpectedly, was bound irreversibly under physiological conditions by both native WT and amyloidogenic variant TTR. Furthermore, it stabilized native TTR more potently than monovalent ligands. Based on the crystal structure of the TTR-4ajm15 complex, we designed 2,2'-(4,4'-(heptane-1,7-diylbis(oxy))bis(3,5-dichloro-4,1-phenylene)) bis(azanediyl)dibenzoic acid (mds84) to optimize binding. These compounds reveal an unpredicted and unexpected mode of ligand binding by TTR and create an avenue for treatment of TTR amyloidosis.
Results
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1008255107/-/DCSupplemental. the same elution volume. The A 280 /A 330 absorbance ratio of the peak fraction was ∼5:1 compared with 50:1 for TTR alone, and the full UV spectrum was consistent with an ∼1:0.9 molar TTR: ligand ratio. 4ajm15 was identified by MS in this fraction, and the complex was stable to freeze-drying and rechromatography.
4ajm15 produced dose-dependent complete displacement of 125 I-T4 from both isolated TTR and TTR in whole serum (Table 1 and Fig. 2A ), showing that 4ajm15 had similar access to both TTR alone and the TTR-RBP complex, which comprises ∼20% of circulating TTR. After incubation with whole serum, the presence of 4ajm15 in the TTR immunoprecipitate was confirmed by HPLC-MS (m/z 747/9/51, MH + and m/z 769/71/73, MNa + ). Intrinsic tryptophan fluorescence of TTR at 300-500 nm on excitation at 280 nm was dose-dependently quenched by 4ajm15 and T4. Emission spectra over 400-600 nm after ligand fluorescence excitation at 340 nm revealed a 480-nm isosbestic point that was associated with progressive tryptophan fluorescence quenching and new 500-to 550-nm emission. Titration with T4 and 4ajm15 reduced intrinsic TTR fluorescence by 40% and 60%, respectively, whereas intrinsic 4ajm15 fluorescence was completely abolished by TTR binding (Fig. 2B) , consistent with quenching of its emission by simultaneous burial of both head groups of the palindromic ligand within the protein.
MS analysis under mild desolvation conditions revealed that after <1 min preincubation, the minimal time for manual injection of the complex, 4ajm15 was stably bound by WT TTR and the Val30Met and Leu55Pro amyloidogenic variants. Each complex comprised 1:1 molar binding of 4ajm15 by TTR tetramer (Fig. 2C) . TTR previously complexed at 1:1 and 1:2 molar ratios with holo RBP also bound 4ajm15 mole for mole (Fig. 2D) .
Crystallography of the TTR-4ajm15 Complex. TTR cocrystallized with 4ajm15 showed complex electron density within both hormone binding sites ( Fig. 3A and Table S2 ), consistent with the location of chlorinated rings in both the interior and exterior halogen binding sites. There was no electron density for the alkyl linker between them. The inner head group positions were located just 9.5 Å apart, insufficient to accommodate an 11-carbon chain without significant buckling, for which there is inadequate space at the center of the tetramer. The apparent paradox was resolved when a good fit to the electron density was achieved by modeling an 8-Å translational disorder of the bound ligand in addition to the rotational disorder from the crystal symmetry. The extent of this translation corresponded approximately to the excess linker length. Thus, when one head group was ideally fitted to the strong electron density of the inner binding site, the other head group was positioned with chlorine atoms located in the outer halogen binding pockets, and the anthranilate ring was pushed to the weak density at the extremities of the binding site near the outside of the protein ( Fig. 3 A and B ). The electron density shows that the chlorinated ring must be rotated by about 90°to relocate between the inner and outer sites. Refinement of this model, with occupancy of 0.25 for each translational and rotational state of the ligand, provided improved refinement statistics and electron density corresponding to the 11 C linker passing through the center of the TTR tetramer. In contrast to bound T4 (19) , there was no evidence for multiple inner sites, because the local symmetry of the compound matched the crystal symmetry quite closely. However, the anthranilic acid unit occupying the outer part of the pocket showed weakening density distally, and its displacement from the symmetry axis was substantial. This model is in general agreement with that originally proposed by Green et al. (20) , who suggested that two bisaryl ligands linked by a 7-to 10-Å alkyl chain would fit comfortably into both T4 binding sites on TTR.
TTR cocrystallized with a single head group (Fig. 1, Ib) closely related to that in 4ajm15 shows chlorines in the inner site ( Fig.  3C and Table S2 ), whereas complexes with similar compounds produced by soaking ligand into preformed crystals often show the reverse orientation (17) . The preferred route of ligand docking into TTR tetramers constrained in the crystal lattice may, thus, involve engagement between the anthranilate carboxyl and Lys15 at the aperture, proceeding to preferential location of the halogens in the outer pockets and internal positioning of the carboxylate.
Development of mds84. To confirm our sliding-fit model for binding of 4ajm15, the bivalent analog with a 7-carbon alkyl linker ( Fig. 1) , mds84, was prepared. X-ray analysis of the TTR-mds84 complex revealed the chlorinated rings of both head groups in the inner binding site, interconnected by clear electron density corresponding to the 7-carbon linker ( Fig. 3D and Table S2 ). The chlorine atoms project to strands G and H of the TTR protomer, and the binding pocket is defined by neighboring peptide mainchain and side-chain atoms derived from symmetry-related subunits (17) . The acidic groups approach the terminal side-chain amino groups of Lys15 residues at the binding site entrance. No substantial rearrangement of side-chain positions occurs on binding of these ligands by TTR (Movie S2).
Binding Kinetics of mds84 by TTR. TTR bound mds84 in a 1:1 molar ratio in complexes that were stable on gel filtration and rechromatography after lyophilization. mds84 was slightly more potent than 4ajm15 in displacing bound 125 I-T4 from isolated TTR and significantly better in whole serum (Table 1 and Fig. 2A ). Stoppedflow spectrofluorimetric analysis with isolated TTR showed that mds84 and T4 produced 15% and 50%, respectively, of the ligand-driven quenching of intrinsic protein fluorescence within the lag phase of measurement (<5 ms). The quenching reaction proceeded to completion through a single exponential phase, whose rate constant, with a threefold ligand molar excess, was slower for mds84 (k = 0.094 s −1 ) than for T4 (k = 0.32 s −1 ) (Fig.  4) . Although k on values could be calculated, estimation of k off for mds84, based on displacement by excess T4, was prevented by the interfering fluorescence of T4 itself. However, MS analysis showed clearly that, after mds84 is bound by TTR, it is not displaced at all, even after incubation for 6 d with 10-fold molar excess of T4 (Fig. 5A) . In contrast, tafamidis (Fx-1006A) was displaced from the TTR-Fx-1006A complex within 1 min of adding T4 (Fig. 5A) . The collisional energies required to dissociate TTR-bound Fx-1006A and mds84 were consistent with the T4 displacement results: dissociation starting at ∼1,150 eV for Fx-1006A and ∼1,550 eV for mds84 (Fig. S1 ).
Stabilization of Native Tetrameric TTR. Spontaneous subunit exchange in TTR under native conditions, well-characterized by MS analysis of TTR mixtures labeled with different isotopes (21) , is much swifter and more extensive in the amyloidogenic variants than in WT TTR but was completely prevented by binding of 4ajm15 or mds84 by Leu55Pro TTR, the most unstable variant. With equimolar mds84, exchange was inhibited over many days (Fig. 5B) ; at lower molar ratios, there was some exchange, but TTR with bound mds84 was completely stable (Fig.  S2) . Complete inhibition of subunit exchange by Fx-1006A required binding of two moles of ligand per mole of TTR and was notably less effective at lower molar ratios (Fig. S3) . In competition experiments with mixtures of variant and WT TTR, mds84 was preferentially bound by the variants (Fig. S4) . This property has not previously been reported for any TTR ligand, whereas several TTR variants, including Leu55Pro (22), have reduced affinity for T4.
The limited solubility of 4ajm15 and mds84 precluded direct measurement of their binding by isothermal titration calorimetry, but differential scanning calorimetry showed marked stabilization of TTR by these ligands. WT TTR alone underwent a single broad asymmetric unfolding transition at pH 7.4 with T m = 101.3-101.7°C (23, 24) . In the presence of excess 4ajm15 or mds84, the T m increased by 4.1°C and 6.2°C, respectively. The T m of Leu55Pro TTR was lower than that of the WT, 94.3-94.6°C (23), but was raised by 5.9°C in the presence of mds84.
Sedimentation velocity ultracentrifugation analysis of isolated TTR at 3.6 μM and pH 4.4 showed free protomers and large aggregates as well as native tetramer, but in the presence of equimolar 4ajm15, the protein remained tetrameric and sedimented as a single species at 3.7 S, the same effect as a threefold molar excess of T4 under the same conditions. Sedimentation equilibrium analysis of TTR in the presence of 4ajm15 yielded a single species of mass = 55.8 ± 0.1 kDa, consistent with the calculated molecular mass of 55,794 Da of one tetramer bound to one molecule of 4ajm15.
Inhibition of TTR Aggregation. Aggregation at low pH of both WT (pH 4.4) and Leu55Pro variant TTR (pH 5.0), the widely used surrogate for amyloid fibrillogenesis, was profoundly inhibited by 4ajm15 and mds84, which were more potent than Fx-1006A or T4 (Fig. 6 ).
Pharmacokinetics and COX Inhibition. In mice, i.v. mds84 was eliminated with essentially first-order kinetics over 2 h (t1/2 ∼ 22 min). It was orally bioavailable and after a single dose was still present in the circulation at 24 h (Table S3) . Diclofenac inhibited COX-1 activity in human platelets and COX-2 activity in monocytes with IC 50 of 55 nM and 27 nM, respectively, but neither mds84 nor 4ajm15 had any COX inhibitory activity at submicromolar concentrations (Fig. S5) .
Discussion
Based on our successful previous work with pentraxins (14, 15) , we designed a palindromic bivalent ligand, 4ajm15, intended to cross-link TTR molecules and thereby, trigger their depletion from the circulation (18). 4ajm15 did not cross-link TTR but was rapidly bound with high affinity by native TTR and even more avidly by the less stable amyloidogenic variants. Crystallographybased analysis yielded an optimized compound, mds84, which is a very potent TTR superstabilizer.
The remarkable and unprecedented binding of the bivalent ligands, 4ajm15 and mds84, by native TTR and the unusual dynamics are very intriguing. Green et al. (20) considered a threading mechanism and tetramer opening as possible routes for binding, favoring the latter in view of the need for TTR denaturation to permit binding of their bivalent compounds. The normal spontaneous intermolecular exchange of TTR subunits (21, 25) and the high level of hydrogen/deuterium exchange of residues at the subunit interface (26) show the existence of a breathing mode of the protein, which could provide a potential route for ligand entry. However, our palindromic compounds are bound by native TTR much more rapidly than the rate of subunit exchange (21) and are bound even when TTR is in its stable complex with holo RBP, which completely prevents exchange of TTR subunits. The scope for disassembly of the tetramer as the permissive event for palindromic ligand binding is, thus, limited for native TTR and favors a threading model where the ligand enters one binding site and crosses the inner channel of TTR. As noted above, some head groups seem to preferentially dock to constrained TTR tetramers in reverse mode, and this would be the only threading option for our palindromic compounds. Progression along such a binding trajectory would require considerable relaxation of the core structure of the TTR tetramer to permit passage of the chlorinated rings. It has previously been reported that the carboxylic group of 3′,5′-difluorobiphenyl-4-carboxylic acid can penetrate the inner channel (27) and perturb the network of hydrogen bonds (28) involving a water molecule, Ser117 and Thr119. Destabilization of the subunit interface in this area and the tendency of the halogen substituents to occupy the inner part of the binding pockets might then provide the driving force for entry of the palindrome. This mechanism should be associated with a conformational change and a transient increase of the free energy of the intermediate binding state, which are then largely compensated by the final si- multaneous occupation of both binding sites. This hypothesis is consistent with the slower association constant compared with monovalent ligands, the preferential binding by the less stable amyloidogenic variants, and the remarkable strength of binding at the end of the reaction. The apparently critical difference between our palindromic compounds and the bivalent Green compounds that are not bound by native TTR is the presence within 4ajm15 and mds84 of the chlorine atoms. After the palindromic ligand is in place, the large number of ligand-protein contacts stabilizes the complex with binding, which is irreversible under physiological conditions.
The present bivalent ligand compounds have additional desirable features (1). They fully displace T4 from TTR in whole serum at pharmaceutically realistic concentrations but do not compete at all with T4 binding by thryroxine-binding globulin (2) . They are preferentially bound by and stabilize amyloidogenic variants, perhaps by virtue of improved access to the ligand site in these molecules, which bind T4 less avidly (22, 29) and are less stable than the WT (3). mds84 does not inhibit COX-1 or COX-2, has good oral bioavailability and a favorable pharmacokinetic profile, and thus, is an attractive platform for drug development.
Materials and Methods
Synthesis of mds84 and 4ajm15. Methyl 2-(3,5-dichloro-4-hydroxyphenylamino) benzoate (1.2-1.4 mmol) was coupled with either dibromoheptane (0.54 mmol) or dibromoundecane (0.43 mmol) in the presence of NaI (10 wt %) and K 2 CO 3 (2.7 mmol) in acetone (3 mL) at 60°C for 12 h. The mixture was purified by silica column chromatography (1:1; petroleum ether/dichloromethane) to afford the dimethyl esters of mds84 and 4ajm15, respectively. The esters were deprotected with 1 M LiOH in 50% methanol:H 2 O for 14 h. Full details are in SI Materials and Methods.
TTR Preparations. TTR was isolated from normal human serum (30) or purchased (Scipac Ltd). Recombinant human WT and variant (Leu55Pro and Val30Met) TTR, with and without isotopic labeling, were expressed and purified (21, 31) . TTR concentrations are expressed as tetramer unless stated otherwise.
T4 Displacement Assays. IC 50 values for displacement of T4 from isolated TTR and TTR in whole human serum were determined essentially as previously described (32) ; full details are in SI Materials and Methods.
Fluorimetry. Ligands in 100% DMSO were added to 1 μM TTR in PBS, pH 7.4, and monitored in a Perkin-Elmer LS-50B spectrofluorimeter with a 1-cm path-length quartz cell at 20°C. Binding was detected by quenching of intrinsic protein fluorescence after excitation at 280 nm and quenching of mds84 and 4ajm15 fluorescence emission at 340-600 nm after excitation at 340 nm. Binding kinetics were evaluated by stopped flow (SFM-300; BioLogic) with fluorescence detection (Claix) with 2.0-mm cell-path length. Total fluorescence emission over 320 nm, using a cut-off filter, was monitored after 280-nm excitation of 2 μM TTR at 20°C with threefold molar ligand excess in PBS, pH 7.4, and 5.4% vol/vol DMSO. Kinetic data were acquired as the mean of five experimental mixings. Intrinsic fluorescence quenching data were fitted with a monoexponential function, y(t) = q + Aexp(− kt), where y(t) is the observed fluorescence, q is the fluorescence at equilibrium, A is the amplitude of the observed fluorescence change, and k is the rate constant.
Inhibition of TTR Aggregation. Triplicate aliquots of WT TTR (495 μL; 7.2 μM tetramer) in PBS, pH 7.4, and 0.1% wt/vol NaN 3 were preincubated (37°C for 30 min) with equimolar or threefold molar ligand excess dissolved in 100% DMSO or DMSO alone; pH was adjusted to 4.4 with 0.2 M NaAc, pH 4.0, and then incubated unstirred (72 h at 37°C). Leu55Pro variant TTR was studied identically except at final pH 5.0. Absorbance spectra were recorded before and after incubation (DU650 UV-Vis scanning spectrophotometer; BeckmanCoulter). Aggregation was expressed as percent of 400-nm turbidity compared with TTR alone.
Inhibition of COX Activity. Effects on COX-1 and COX-2 activity were determined in comparison with diclofenac (33).
Analytical Ultracentrifugation. TTR (3.6 μM, pH 4.4) was incubated (37°C for 72 h) with equimolar 4ajm15 or threefold molar T4 excess (34) and then analyzed at 280 nm and 20°C in the An-50 Ti rotor (XL-I ultracentrifuge; Beckman-Coulter). Sedimentation velocity data were acquired (8 h at 42,000 rpm) in two-sector cells with 12-mm solution column heights and modeled as a continuous distribution of sedimentation coefficients, c(s), using SEDFIT (35) . Sedimentation equilibrium results at 17,000 rpm with 100 μL samples in six-sector cells with 2-mm column heights were analyzed using the Beckman software add-on to Origin version 4.1 (MicroCal; GE Healthcare). Partial specific volume of 0.7353 mL/g was calculated from the amino acid sequence (36) ; buffer density and viscosity were calculated with SEDNTERP (37).
Differential Scanning Calorimetry. The midpoint temperatures of the thermal unfolding transition (Tm) of natural WT and recombinant Leu55Pro TTR were determined in the presence and absence of ligands (MicroCal VP-DSC; GE Healthcare). Thermal denaturation of TTR was irreversible (24, 38) , and absolute thermodynamic parameters were not determined. Crystallization and X-Ray Analysis. Crystals of TTR-ligand complexes were grown by cocrystallization using hanging drop-vapor diffusion. Drops (6 μL) were composed of 1.5 μL 10 mg/mL TTR, 1.5 μL ligand (10-and 20-fold molar excess), and 3 μL well solution: 25-32% vol/vol PEG550-monomethyl ether, 70 mM NaAc, pH 4-5, 100 mM NaCl. Freeze-dried TTR was dissolved in 10 mM NaAc, pH 5.0, and used immediately. Ligands were dissolved in DMSO and then diluted with 10 mM NaAc, pH 5.0, to the point of precipitation. Final DMSO concentrations in the drop were <12.5% vol/vol. Suitable crystals grew after 2-9 wk and were flash-frozen at 100 K on a nitrogen stream without additional cryoprotectant; X-ray diffraction data were collected at 100 K (station ID14-2; European Synchrotron Radiation Facility and I04 beamline; Diamond) and processed using MOSFLM (39) and CCP4 (CCP4 suite 1994; CCP4). The model was refined with REFMAC5 (40) and Phenix.refine (41) , and model building was performed in COOT (42) .
MS of TTR Ligand
Pharmacokinetics of mds84. Pharmacokinetics of mds84 in mice were determined by Medicilon; details are in SI Materials and Methods.
